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ON BATHOLITHS AND VOLCANOES—INTRUSION AND ERUPTION OF LATE CENOZOIC
MAGMAS IN THE GLACIER PEAK AREA, NORTH CASCADES, WASHINGTON

By R. W. Tasor and D. F. CROWDER

ABSTRACT

In the Glacier Peak area, the three principal episodes of
Cenozoic igneous activity have been the intrusion of the tonal-
ite-granodiorite Clondy Pass batholith in early Miocene time,
as shown by potassium-argon radiometric dates of 22 m.y.
(million years) ; the extrusion on and near the exposed bath-
olith of a thick pile of predominantly andesitic to dacitic bree-
cia, tuff, and lava of Gamma Ridge between early Miocene and
Pleistocene time; and, in late Pleistocene and Recent time, the
growth of the dacitic Glacier Peak volcano, which was accom-
panied by eruption of small amounts of basalt from separate
vents near Glacier Peak.

Much of the Cloudy Pass batholith in the Glacier Peak area
lies under a relatively thin roof of regionally metamorphosed
rocks, as shown by a retinue of stocks in a zone trending
southwest away from the main pluton and by thermal metamor-
phism and concentrations of alaskite dikes in the roofrocks over
this zone. Some of the alaskite dikes are related to earlier re-
gional metamorphism, but many appear to be differentiates of
the batholith squeezed out of an adamellite cap—exposed along
the northwest margin of the pluton and in small patches farther
east—by renewed intrusion of the tonalite-granodiorite core.
Hornblende tonalite porphyry dikes and inclusions confined to
the adamellite border are probably injections from the core
which were partly disrupted by renewed intrusion. The tex-
tures of the adamellite and its chemical similarity to the ex-
perimentally determined minimum-melting composition of gran-
ite indicate that the cap is a normal crystallization differentiate
enriched in felsic constituents by settling out of early formed
mafic crystals.

Intrusive breccias with aphanitic and protoclastic matrices
occur along steep contacts of the main pluton and of a satellitic
stock and in small bodies nearby. These breccias resemble
many described by F. W. Cater along Phelps Ridge in the
Holden quadrangle. Clearly intruded under low lithostatic pres-
sure, the breccias and aphanites may have been vents for
errupting gas-charged magma from the core of the batholith,

By the time the coarse volcanic breccias, tuffs, lithic wacke,
volcanic wackes, and minor lavas of Gamma Ridge erupted,
the Cloudy Pass batholith had cooled at the level now exposed
and had been partly deroofed by erosion. Welded tuff in the
Gamma Ridge rocks and the considerable local relief under
them indicate subaerial eruption in mountains. Basal inter-
bedded volcanic and monolithologic breccias are similar to some
of the nearby intrusive breccias that cluster around the Cloudy
Pass batholith, and this similarity suggests that the Gamma
Ridge rocks erupted from the batholith’s still-molten core. How-
ever, present drainage patterns appear to have been set by
diversion around the Gamma Ridge volcanic center, which sug-

gests the rocks may be latest Pliocene or even earliest Pleisto-
cene in age. If the magma of the batholith’s core were the
source, it would have had to remain molten an inordinantly
long time.

The oldest Glacier Peak lavas pooled in valleys on tl > east
side of Lime Ridge, a northwest-trending spur of the Cascade
Crest, and now crop out as elongate, locally very thick. ridge
caps, owing to inversion of topography by the subsequent ero-
sion. Later flows cling to the sides of present valleys and are
moderately dissected; the youngest flows bottom the present
valleys and are little dissected. This spectrum of greatly dis-
sected older flows to little dissected younger flows indicates
continual uplift and erosion during growth of the volcaro., The
ridge-capping flows radiate from the present summit erea of
the volcano and extend nearly to the Suiattle River, which
shows that the river was forced into its wide northeast loop
around the Gamma Ridge eruptive rocks prior to earliest Glacier
Peak time. As Glacier Peak grew by continued erup‘ion of
clinopyroxene-hypersthene dacite, the lavas eventually spilled
over Lime Ridge into the White Chuck valley.

Late in the life of the volcano, an oxyhornblende-hypevsthene
dacite dome was extruded pear the summit at Disappointment
Peak. A second hornblende dacite dome is presumed to have
grown and collapsed on the east side of the peak to furnish
debris for a giant fan and valley flll in the just degl-ciated
Suiattle valley. Chocolate Creek was diverted from ancestral
Dusty Creek and forced to spill over a confining lava ridge by
the growth of the fill. The Suiattle River was damme~d and
forced farther east.

All the flows of Glacier Peak were erupted within the past
700,000 years, as shown by their normal magnetie polarity, and
the latest flows, within the past 17,000 years, after alpine
glaciers had retreated. About 12,000 years ago (as shovn by a
carbon-14 date and correlations of R. Fryxell and othe~ work-
ers for areas far from the Glacier Peak area) pumice was
expelled and drifted far, especially to the east. During or soon
after this erruption, mudfiows and streams on the west side
of the peak partly filled the recently deglaciated White Chuck
valley with pumice lapilli and other volcanic detritvy from
the volcano, which formed the White Chuck fill. A nuée ardente
rushed valleyward to form a thin cap of vitric tuff on this i1l
and was later covered by pumice that continued to vwash off
the mountain. Three hot springs—Kennedy, Sulphur, and
Gamma—are the only evidence that hot rocks, perhaps even
magma, still exist at depth.

There is some indication that the differentiation irdex in-
creases in the younger eruptive rocks of Glacier Peak, but the
dacite lavas making up the bulk of the volcano are remark-
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2 ON BATHOLITHS AND VOLCANOES, GLACIER PEAK AREA, WASHINGTON

ably uniform in composition, varying a maximum of only 8.0
percent in silica (as shown by refractive index measurements
on fused glass beads) over a period of at least 10,000 years and
probably more on the order of 500,000 years.

Basalt is not interlayered with the dacite flows, but late in
Glacier Peak time basaltic andesite was extruded near Light-
ning Creek and basalt was erupted from cinder cones at Indian
Pass and the upper White Chuck River. The absence of basalts
or intermediate rocks in the dacite cone suggests separate
sources for the dacites and basalts.

The intrusion of the batholith appears to have been guided
by: (1) Northwest-trending regional foliation, compositional
layering in the schist and gneiss host rocks, and (2) north-
east-trending joints perpendicular to the regional trends and
fold axes (ac joints). All the Cenozoic magmas in the Glacier
Park area have risen along the intersection of several regional
structures: (1) The northwest-trending normal faults of the
Chiwaukum graben, (2) a related(?) northwest-trending belt
of small pods of sepentinized ultramafic rocks, and (3) a
deep fracture(?) that trends north-northeast and underlies a
zone of dikes and eruptive rocks. This deep fracture(?) passes
under the voleano and, on projection, intersects other Tertiary
batholiths and Quaternary eruptive centers (for example, the
Snoqualmie batholith and Mount Rainier volcano). It may have
led basaltic magma to the surface from the mantle and may
have helped localize the emplacement of the more silicic mag-
mas of Cloudy Pass, Gamma Ridge, and Glacier Peak.

INTRODUCTION
PROBLEM

In early Miocene time, the Cloudy Pass batholith in-
truded the metamorphic rocks of the North Cascades
between Glacier Peak and Lake Chelan. Intrusive brec-
cias and hypabyssal phases suggest that the magma
came close to the surface and probably erupted. After
the cooling of at least the upper part of the pluton, it
was exposed by erosion, and volcanic and volcaniclas-
tic rocks were deposited on or near it. In Pleistocene
time, a dacitic volcano, Glacier Peak (fig. 1), began to
form; its last eruption was about 12,000 years ago.
During this last phase of activity of the volcano, basal-
tic cinder cones grew nearby.

We earlier suggested (in Hopson and others, 1966)
that the proximity of the batholith to most of the vol-
canic rocks and their chemical similarity indicate a
genetic relationship. Batholithic magmas which erup-
ted are no strangers to the Cascades of Washington.
Fuller (1925) described the explosive deroofing of the
Snoqualmie batholith to form flows and volcaniclastic
rocks of late Miocene and early Pliocene age. Details
of the eruptive history of the Miocene Tatoosh pluton
in the Mount Rainier area were aptly given by Fiske,
Hopson, and Waters (1963, p. 52-63), who postulated
a possible genetic tie between the batholith and the vol-
cano of Mount Rainier (p. 91). Cater (1960; 1969,)
described a link between the Cloudy Pass batholith
and volcanism in the Holden quadrangle. This paper
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F1eURE 1.—Quaternary voleanoes of the Cascade Range and
area of figure 2. Adapted from Williams (1944, fig. 1).

describes the batholith and the volcanic rocks that
occur in the adjoining Glacier Peak quadrangle and
examines the evidence for kinship of these rocks. The
voleanic rocks of the early episode of volcanism on
Gamma Ridge may well be derived from the batho-
lith. Such an origin for the later lavas of Glacier Peak
is unlikely, although there may well be a genetic rela-
tionship in ultimate source or process.
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CLOUDY PASS BATHOLITH AND ASSOCIATED ROCKS

GEOLOGIC SETTING AND AGE OF INTRUSION AT
THE LEVEL EXPOSED

The Cloudy Pass batholith and its associated rocks
were first mentioned in the geologic literature by
Youngberg and Wilson (1952, p. 5). The extent and
nature of the batholith has been established by subse-
quent studies of the U.S. Geological Survey and of stu-
dents from the University of Washington working
under the supervision of Peter Misch (fig. 2). A des-
cription of the batholith and its structural setting has
been published by Grant (1969). Of timely interest is
Grant’s discussion of transverse structural belts con-
trolling ore deposition.

The metamorphic and granitoid rocks intruded by
the batholith strike northwestward, forming the core
of the North Cascades. They consist of steeply dipping
biotite and hornblende gneisses and schists, granitoid
gneissic plutons, minor quartzite, and scattered thin
lenses of marble (Crowder and others, 1966; Cater and
Crowder, 1967). The age of deposition of the metasedi-
mentary rocks is unknown but has been estimated to
be pre-Ordovician (Waters, 1932, p. 608) to pre-Late
Jurassic (Misch, 1966, p. 113).

Unconformably overlying the metamorphic country
rocks is the Upper Cretaceous and Paleocene Swauk
Formation. These sedimentary strata do not lie on the
Cloudy Pass batholith itself, but faults that have
downdropped the Swauk in the Chiwaukum graben
are cut off by the pluton (Cater and Crowder, 1967,
and fig. 61). Radiometric age determinations (table
1) show that the pluton now exposed was intruded
about 22 m.y. (million years) ago, in the early Miocene
Epoch.

_ Most of the intrusive rocks of voleanic aspect (that
18, aphanitic and porphyritic-aphanitic rocks) associ-
ated with the Cloudy Pass batholith are exposed in the
Holden quadrangle and have been described by Cater
(1969). These rocks occur in a border zone on the east
side of the batholith (the complex of Hart Lake) and

BATHOLITH AND ASSOCIATED ROCKS 3

TaBLe 1.—Potassium-argon and lead-alpha radiometric age
determinations of the Cloudy Pass batholith and its thermally
metamorphosed host rock

[Analysts: Biotite, Harold Thomas, Richard Marvin, and John Obradovich; zircon,

T. W. Stern]
Biotite !
Sample K;0 Ar# (ppm) Radiogenic Ar#® Age (r.y.)?
(percent) (percent)
DFC-1e-60__.____.._ 8.14 0.0107 ..l 22.142.2
80-61____.___ 8.50 .0114 75.8 22.5+0.0
179-61 . ______ 8.82 . 0107 69.0 20.4+2.0
Zircon 3
Sample Size fraction Mi]l.‘ligram Pb (ppm) Age (m.y.)?2
our
DFC-1e-60._.._.._. —80 +150 192 1.8 2020
Je-60.._.______ —150 367 3.8 30220
180-61........ —1154-200 111 1.4 30-120

1 Constants used: Ae=0.585X10-10 yr-1; Ag=4.72X10-10 yr-1; K4/Kr1=1.216)10-4 glg.

2 These ages are slightly different than those previously published, owirg to re-
vision of constants.

3 Constants used: U:Th=1; C=2485; K=1.56X10-4,

Sample locations: .
DFC-~1e-60: Granogabbro from talus below bench mark 5248 on Railroad Creek

trail near Crown Point Falls, Holden quadrangle.
180-61; Granogabbro from just north of Railroad Creek trail 0.25 mile
northeast of hench mark 3989, near Hart Lake, Holden quadrangle.
179-61: From thermally metamorphosed Swakane biotite gneiss, altitude
6500 feet on stream 0.5 mile north of Plummer Mountain, Holden

quadrangle.

in porphyry plugs and intrusive breccias that pierce
the batholith and its roof. In the Glacier Peak area
there are a few intrusive breccias, but the principal
batholithic rocks occur in the main pluton and in a
host of granitoid stocks which we contend are cupolas.

In this report, the contiguously exposed part of the
batholith is referred to as the Cloudy Pass pluton, and
the term “batholith” is used for the entire assemblage
of granitoid rocks, that is, for the pluton and sto-ks as
well as their subsurface connections.

STRUCTURE AND CONTACT RELATIONS
GENERAL FEATURES

In the Glacier Peak quadrangle, the Cloudy Pass
pluton is clearly discordant (pl. 1). The contacts,
though poorly exposed, appear abrupt and are steep
except in local places north of the mouth of Canyon
Creek.

The likely relatives of the main pluton south and
west of Glacier Peak show both a southwesterly and a
northwesterly alinement. The northwesterly elongation
of the Sitkum stock and the presence of the White
Chuck stock along its southeast projection indicate
that emplacement was locally controlled by the layer-
ing and foliation of the host rocks. The Milk Creek
stock, Sitkum stock, and small bodies and dikes in the
Lost Creek area form a belt trending northeastward
toward the west border of the exposed batholith, ap-
proximately at right angles to the regional foliation.
The Cool stock and several dikes as much as £ feet
thick that crop out on Sulphur Mountain and White
Mountain are probably offshoots of the Cloudy Pass
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EXPLANATION

Cloudy Pass batholith
and associated rocks

F1aURE 2.—Cloudy Pass batholith and associated rocks as determined by workers shown.
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pluton, but they are not confined to this northeasterly
belt and appear to be independent of the northwesterly
structural grain.

These isolated stocks, dikes, and small bodies, which
crop out to the southwest of the main Cloudy Pass plu-
ton, are lithologically and chemically similar to it. The
distribution of contact metamorphism and alaskite dikes
related to the batholith, as discussed below, suggests
that the batholith connects with them below the surface.
Furthermore, lead-isotope ratios of the main Cloudy
Pass pluton and the largest of these satellitic bodies, the
Sitkum stock, are essentially identical (table 6) and are
uniquely different from lead-isotope ratios of other
Tertiary plutons in the northwest (compare table 6 with
Davis and others, 1966, table 13, p. 172).

Most of the observed contacts of the stocks are steep,
although we infer from limited exposures on Milk
Creek that the Milk Creek stock may be the flattop of
the batholith (section B-B’, pl. 1). The parts of the
Cloudy Pass batholith now exposed in the Holden
quadrangle (fig. 2) are near its top, judging from the
presence of the flat roof around Plummer Mountain.
A zone of satellitic (Cater, 1969, p. 50) instrusive brec-
cias and porphyry plugs extending down Phelps Ridge
suggests a south-plunging nose which parallels reg-
ional foliation. This zone lies within the Chiwaukum
graben, which extends southeast from the pluton (figs.
2 and 4). The presence of a flat roof has been estab-
lished by Grant (1966, p. 208) north of the Glacier
Peak area, where the pluton floors the valley of the
South Fork of Agnes Creek and plunges beneath the
schists and gneisses of Seven Sisters Ridge (fig. 2).
Indeed, because the schist and gneiss northwest of
Seven Sisters Ridge are thermally metamorphosed and
hydrothermally altered, Tabor (1961, p. 180) sug-
gested that the very large dike of similar age at Cas-
cade Pass, for which Misch (1966, p. 141) reported a
potassium-argon biotite age of 20 m.y. (Tabor, 1963,
and fig. 60), is an offshoot of the Cloudy Pass batho-
lith.

CONTACT METAMORPHISM

Thermal metamorphic effects are variable adjacent
to the pluton and stocks (fig. 3). Within the aureole,
textures indicative of thermal metamorphism are rec-
ognized in the tonalite-gneiss, biotite-quartz-oligoclase
schist, hornblende schist, and granitoid alaskite dikes
that cut the schists and gneisses. In the medium-
grained gneisses, these textures are much harder to
recognize than in finer grained schists. On Grassy
Point the grain size of granitoid tonalite-gneiss near
the pluton has been reduced by cataclasis, and the
gneiss is locally recrystallized and contains aggregates
of biotite and hornblende in place of original single
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F1eURE 3.—Distribution of thermal metamorphism around
the Cloudy Pass pluton and nearby stocks.

crystals. In this area the granitoid gneiss is al.so altered
(chlorite and saussurite), and in one specimen, un-
twinned potassium feldspar replaces and cements the
fragments. This potassium feldspar may have ema-
nated from the batholith or may have formed during
contact metamorphism by the redistribution and an-
nealing of the microcline locally prominent in the
granitoid gneiss. On the north side of the-Canyo'n
Creek and within 1,500 feet of the contact, this grani-
toid gneiss has lost its pronounced foliatif)n and is
mottled by patches and veins of recrystallized horn-
blende. Near the steep contacts of the White Chuck
stock, the light purple hornfels schist of the .aureole
contains clinopyroxene or andalusite; one speclmen of
hornfels schist bears the unusual association of cordie-
rite and spinel. Near the contact of the Cool stock,
the enveloping tonalite-gneisses are highly hornfelsed.
Contact metamorphism of the biotite gneiss adjacent
to the small bodies in the Lost Creek area dissppears
within a few tens of feet from the contacts. The exten-
sive brecciation and oxidation prominent nearty may
be related to the underlying intrusive rocks that prob-
ably connect these small bodies. In the upper reaphes
of Milk and Pumice Creeks, the schists and gneisses
in places contain small aggregates or poikiloblasts of
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biotite, which strongly suggest contact metamorphism ;
the wide extent of the aureole recognized in these
areas suggests that the batholith lies close below. In
the Dome Peak area, contact metamorphism of even
greater intensity is common adjacent to the batholith
(Grant, 1966, p. 235-246), and incipient hornfels ex-
tends to 4 miles west of the pluton.

LITHOLOGY
GENERAL FEATURES

The rocks comprising the Cloudy Pass pluton and
associated stocks in the Glacier Peak quadrangle have
been previously described by Ford (1959, p. 182-236,
242-244, 247-249; 1960) and those in the Holden quad-
rangle, by Cater (1969). Grant (1966, p. 207-235) has
described the batholith exposed to the north. The sum-
mary given here stresses new data and interpretations
from our additional work in the Glacier Peak
quadrangle.

We distinguished and mapped two phases of the
main pluton and of the Sitkum stock—a light-colored,
predominantly adamellite phase and a dark-colored
phase ranging from granodiorite to gabbro. Corres-
ponding to our light-colored phase are the “leucocratic
facies™ of Cater (1969, p. 17), the “deuterically altered
phase™ of Grant (1966, p. 219), and the “rocks of
granodioritic, quartz monzonitic and granitic composi-
tion” of Ford (1959, p. 104). Corresponding to our
dark-colored phase are the “labradorite granodiorite” of
Cater (1969), the “main intrusive phase” (quartz dio-
rite) of Grant (1966, p. 314), and the “Miners Ridge
quartz diorite” of Ford (1959, p. 182).

The light-colored phase is confined to the northwest-
ern border zone of the pluton and to the north end of
the Sitkum stock, but the subsurface part of the batho-
lith, which is thought to connect the stock with the
main pluton, would presumably also be of this rock
type. The one examined specimen of the Milk Creek
stock, a body lying between the main pluton and the
Sitlkum stock, is mineralogically of the dark-colored
phase (compare fig. 4C' with fig. 44) ; texturally, how-
ever, 1t is much like light-colored phases of the Sitkum
stock, and it has the lowest color index of all the
phases mapped as dark colored (fig. 4D).

In the Holden quadrangle, the light-colored rocks
occur as small irregular patches scattered in the dark-
colored phase near the roof of the batholith and on
ridges (Cater and Crowder, 1967; Cater, 1969, p. 17;
Grant, 1966, p. 221). In the Dome Pealk area, they are
sporadically distributed along the margin of the dark-
colored batholith ( Grant, 1966, p. 218).

DARK-COLORED PHASE

Rocks in the dark-colored phase are medium grained
and hypidiomorphic granular granodiorite, tonalite,
quartz gabbro, and gabbro (table 2, fig. 4). Large pla-
gioclase crystals are euhedrally and oscillatorily zoned
from cores of andesine or labradorite to narrow, com-
monly anhedral rims of oligoclase (average range
about Any, to An,,). Cores of plagioclase in the White
Chuck stock are as calcic as An;s. We estimate the
average composition of plagioclase to be andesine. In
the Holden quadrangle, however, Cater (19¢9, p. 19)
considered that the average plagioclase composition
of what he called the normal phase (our dark-colored
phase or core phase, was labradorite; thus, he called
the rock a labradorite granodiorite (granogabbro).
Anhedral intergranular quartz forms a continuous
network between plagioclase and mafic minerals; in
places this network is an optically continuous single
large crystal. Potassium feldspar is entirely intergran-
ular.

In the Glacier Peak quadrangle, we found hyper-
sthene and clinopyroxene in only the small intrusions—
in the White Chuck and Cool stocks and in dark-
colored rocks of the Sitkum stock, where they occur
primarily as small resorbed inclusions in plagioclase
or as relicts in uralite. Ford (1959, p. 210) found py-
roxene near the contacts of the main pluton northeast
of Image Lake and north of Dusty Creek, snd Libby
(1964, p. 122) found hypersthene to be a “typical con-
stituent” near the pluton margin north of the Holden
quadrangle. In the Holden quadrangle, hrpersthene
and augite are most abundant near the eastern margin
of the batholith (Cater, 1969, written commun.). The
pyroxene is thus preserved in border rocks or small
stocks which may have undergone rapid cooling before
hydrous minerals of Bowen's reaction series could form.

TABLE 2.—Average modal composition of C'loudynPass batholith and
assoctated rocks

[Volume percentages determined on thin seetions stained for potass‘um feldspar by
using the method of Chayes (1966). Five hundred points per sect*on; numbers in
parentheses indicate range. For additional modes see Ford (1959, p. 138-187, 243, 248)}

Sitkum and
Cloudy Pass White Chuck  All plutons,
batholith, stocks and light-colored
dark-colored  Lost Creck phases ¢
phases ! bodies,? dark-
colored phases?
wartz___ .o ___ 28 (24-33) 16 (11-26) 28 (1441)
clglagioclase_ ciieeees oo 48 (44-52) 57 (52-61) 40 (32-h1)
Potassium feldspar_ ... 13 (11-18) 6 (0-8) 23 (13-28)
Hornblende_ ___________ 3 (<L1-6) 6 (1~15) 114 (0-4)
Biotite. _.________ - 7 (4-8) 9 {7-11) 4 (0-9)
Clinopyroxene. ... ... ._......... 0 4 (4-11
Miscellaneous5_________________. .. 1(1-3) <2 (<1-2) s

1 Average of 6 specimens. X

2 Small unmapped bodies east of Lost Creek contain 35-40 percent potassium feld-
spar and are porphyritic.

3 A verage of 5 specimens.

¢ Average of 12 specimens. .

5 Incluﬁs apatite, sphene, opaque ore, and zircon. Secondary enidote, chlorite,
sericite, and prehnite were counted as the minerals that they replace.
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that includes the three basaltic cinder cones already | this belt (samples 24-26, table 4) are conspicuously
fresh, and many are tens of feet thick and form promi-

discussed; this belt trends under the Glacier Peak
volcano (fig. 52). The basaltic and andesitic dikes in | nent ribs or spires. They generally trend northeast-
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F16URE 52.—Sketch map showing distribution of volcanic rocks, fresh andesitic and basaltic dikes, and probable voleanic
conduits. Basaltic eruptive rocks and dikes are concentrated in a northeast-trending zone between the stippled lines. Data
south of the Glacier Peak quadrangle, from Rosenberg (1961, p. 83-96, pl. 11) and Oles (1957, p. 183-188, pl. B) ; west of the
Glacier Peak quadrangle, from Vance (1957, p. 288-289, pl. 1) ; and north of the Holden quadrangle from Libby (1964, p. 118~

119, pl. 27).
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ward (see Crowder and others, 1966). Nothing is
known of the possible existence of dikes or extrusive
rocks southwest of Bench Mark Mountain (fig. 52),
but Grant (1966, p. 250) mentioned the occurrence of
numerous fresh aphanitic dikes along the northeast
strike of the belt. Workers elsewhere in the region
surrounding the Glacier Peak area (Vance, 1957;
Bryant, 1955; Libby, 1964 ; Adams, 1961; Tabor, 1961)
reported no basaltic extrusive rocks or dikes other
than those shown in figure 52.

ON BATHOLITHS AND VOLCANOES,

OTHER CENTERS OF VOLCANISM

Several workers have described centers of volcanic
activity near Glacier Peak (fig. 52). The conduit at
Round Lake described by Vance (1957, p. 288-289)
has been mentioned in the section on Gamma Ridge
eruptive rocks. The Old Gib, a volcanic neck of prob-
able Eocene age at Old Gib Mountain, has been
described by Cater and Crowder (1967).

We found another probable volcanic neck and other
evidence of an ancient volcano just north of the Dish-
pan Gap cinder cone, at the head of the North Fork
of the Sauk River. A prominent rotten spine exposed
here consists of an inner core of altered porphyritic
hornblende-pyroxene dacite separated from its glassy
margin by a concentric zone of highly altered rock
containing much montmorillonite. Drainages (fig. 52)
radiate from the area of this spire, presumably because
they are superposed from a volcano once located here.
Other indications of an ancient volcano are: (1) The
numerous hypabyssal bodies to the south of Dish Pan
Gap mapped by Rosenberg (1961, p. 83-96), (2) a
columnar-jointed mass south of the Dishpan Gap cin-
der cone, which Rosenberg considered to be another
voleanic orifice, perhaps the feeder for the flow on
Bench Mark Mountain described by Oles (1957, p.
183-188), and (3) a mass of voleanic rock about 2 miles
to the northwest that might also be a lava-flow rem-
nant. On the basis of its outcrop shape this lava-flow
remnant was first interpreted as a thick dike (Crowder
and others, 1966), but the facts that its columnar joints
are nearly vertical and that it is permeated by mont-
morillonite as is the rock of the suspected conduit now
suggest to us that it is a flow. Chemically (sample 27,
table 4, and fig. 30) the flow remnant is more like the
earlier lava flows of Glacier Peak or the analyzed Gam-
ma Ridge rocks than the other analyzed dikes.

HOT SPRINGS

There are three springs on the flanks of Glacier
Peak (see table 5). Gamma Hot Springs on Gamma
Creek and Kennedy Hot Spring on the White Chuck
River are shown on plate 1; Sulphur Hot Springs on

GLACIER PEAK AREA, WASHINGTON

TABLE 5.—Chemical analyses of hot springs in the Glacier Peak
area
[Sulphur Hot Springs water analyzed by R. Schoen; others by G. E. Roberson. Nd,

not determined. Also not determined are Al, Fe, Mn, Pb, POy, H:S. Analyses in
parts per million unless otherwise specified]

Name of springs.____ ... _._______.__..____ Sulphur Kennedy Gamma
pring Hot Springs Hot Spring Hot Springs
Bedroek. ... ... Quartz-mica Biotite Dacite to
schist gneiss cut rhyodacite
with by dikes tuffs,
layers of and sills highly
horn- of leuco- altered
blende cratic near the
schist. tonalite. springs.
Date of collection..__________________.__._ July 7, 1962. July 30, 1951. A“’f};&f 28,
75 136 150
Nd .02 Nd
1.0 37 47
48 2.6
Nd 2.1 Nd
103 655 491
1.7 64 77
2 3.3 2.6
N .02 Nd
99 1,190 269
Nd 0 Nd
66 3 43
54 643 728
Nd .9 Nd
Nd 1.240.2 Nd
Nd 0.140.1 Nd
Nd 0.00 Nd
Nd 2.2 Nd
0. 67 8.9 9.9
495 3,350 2,810
D 7.78 7. 7.87
Dissolved solids:
Caleulated______________ 2,190 ______________
Residue. . ... __ ... ... 352 2,170 1, 660
Hardness, ag CaCO3______ 316 201 128
Estimated temperature_ . _________ . 30 30 60
%stimaged disc}ﬁarge____ lor2 3tab 3tod
atios weight:
Ca:I\SI,a. - Ag, _____ _ 0. 0097 0, 057 0. 0096
Mg:Ca - .3 1.3 . 056
K:Na_.___ . _______ . 0165 . 097 157
Li:Na_ . 00194 . 005 . 0053
HCO;:C1 1.81 1.85 .371
S04:CYL_ . 1.22 00457 0059
B:Cl_ .. . 012 013? 0136

Sulphur Creek, three-fourth of a mile from the Suiattle
River road, can be located on the Downey Mountain
topographic 7TV4-minute quadrangle map.

The Sulphur Hot Springs are highly odiferous and
bubble forth in a shallow murky pool. Gamma Hot
Springs, the hottest of the three (table 5), issue from
several cracks in the bedrock of the strearmbed. Ken-
nedy Hot Spring (1963) has been developed as a
wilderness spa and now flows into a log tub coated
with tufa, iron oxides, and slime. Several cold but
odiferous seeps frequented by game are scattered on
the slopes behind Kennedy Hot Spring, and one a
few yards upstream has covered a few square yards
of bedrock with tufa.

As a group the waters of the springs (table 5) are
similar to those of other thermal springs associated
with voleanic rocks, and they are classified as sodium
chloride bicarbonate waters (White and others, 1963,
table 18, p. F42). Assuming they have the same mag-

matic source, their differences in compositicn could be
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ascribed to ground-water dilution, especially in the
case of Sulphur Hot Springs.

COMPOSITION OF GI-ACIERI%E'%&%AVAS AND HOW IT VARIES

Many students of Quaternary Cascade volcanoes
have sought evidence that the erupted magmas
changed in composition with time, and some workers
have commented on the great variety of rock types
associated with the Quaternary volcanoes in Oregon and
California, in contrast with the uniform composition
of eruptives from the companions of Glacier Peak in
Washington (Hague and Iddings, 1883, p. 225;
Coombs, 1939, p. 1506; Williams, 1935, p. 300, 1942,
p. 155; Fiske and others, 1963, p. 90). Though Glacier
Peak lavas are quite uniform chemically, there is a
suggestion that their composition varied with time.
Furthermore, in the Glacier Peak area as a whole, the
Quaternary eruptives include contemporaneous basalt,
dacite,and rocks of intermediate composition. Similarly,
in the Mount Garibaldi area of southern British Co-
lumba, Mathews (1957) has described Quaternary
eruptive rocks ranging from basalt to dacite and pos-
sibly rhyodacite. Thus, there is a hint that the latest
Cenozoic eruptives of northern Washington and British
Columbia are not as monotonous as they first appear.

The refractive indices of glass beads fused from
specimens of analyzed rocks were determined, and the
relation between the refractive indices and the ana-
lyzed silica contents was thereby established for the
Glacier Peak area (fig. 58). The indices of fused
beads made from unanalyzed flows and ejecta were
then measured, and their silica content was estimated
by consulting the established curve. The methods used
are those outlined in Mathews (1951) and Huber and
Rinehart (1966, p. 103). The chemical analyses include
water and the beads do not; but since the curve is
empirical, it is not necessary to subtract water from
the analyses. Refractive indices were determined for
at least two and generally four or more beads from
each specimen. The maximum deviation between beads
of the same specimen for all the rocks, including the
standards (analyzed specimens), is #-1.8 percent silica;
70 percent of the samples deviated no more than =+0.5
percent silica, the average deviation.

The silica contents have been plotted as histograms
(fig. 54). Silica content of the volcanic rocks of
Gamma Ridge ranges from 55.4 to 78.2 percent, but
this gives only a rough approximation of the original
composition because the rocks are much altered. The
silica content of undoubtedly comagmatic Glacier Peak
lava flows and ejecta is remarkably uniform. Over 80
percent of the specimens, which were collected through-
out the volcanic pile and are probably representative
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F1cURE 53.—Relationship between silica content and refractive
index of glass beads fused from analyzed Cenozoic vo'canie
rocks in the Glacier Peak area. Dots are Glacier Peak
dacites, and crosses are basaltic cinder cones and the Light-
ning Creek andesite. The triangles are altered flows from the
Gamma Ridge unit that were not used to establish the curve.
Maximum and average deviation of points from the curves
are 1.0 and 0.36 percent silica, respectively.

of about 80 percent of the rocks extruded from Glacier
Peak, have a silica content between 62.0 and 65.5 per-
cent. The lavas varied a maximum of only 8.0 percent
silica over a period of at least 10,000 years, but more
likely on the order of 500,000-700,000 years. Although
silicic rocks were erupted early in the volcano’s his-
tory, the most mafic compositions are lacking in its
most recent activity.

The variation of composition of Glacier Peak lavas
with time is shown in a differentiation index dis gram
(fig. 55). The White Chuck vitric tuff contains clasts
of older lava and is thus not plotted; the pumice (No.
6 in fig. 55) from the widespread airfall blanket is
plotted to represent the latest eruptions. If we exclude
the mafic cinder cones and Lightning Creek flow, there
is a suggestion that the magma composition became
slightly more felsic with time (increasing differ-ntia-
tion index). Perhaps differentiation was slight because
the volcano’s life was short and the magma was
viscous—a possibility suggested by the fact that even
thick flows of Glacier Peak and Mount Rainier (Fiske
and others, 1963, p. 90) show no obvious evidencn that
crystals settled.

The eruption of basalt in cinder cones and flows dur-
ing eruption of dacite at Glacier Peak suggests a per-
sisting source of basalt magma during Quaternary
time. The absence of basalts near Mount Rainier has
been used as evidence that lavas there were not derived
from primary basalts high in alumina (Fiske and

others, 1963, p. 91). At other volcanic centers besaltic
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F16URE 54.—Silica content of extrusive rocks in the Glacier Peak area.

rocks have been included in the discussion of magma
differentiation (for example, Williams, 1942, p. 154),
and the composition of the basaltic eruptives near
Glacier Peak is in line with differentiation trends
shown by the dacites (see fig. 55). Thus the basalt
might be considered the parent magma of all the rocks.
But if the chamber that fed Glacier Peak and Gamma
Ridge was filled with differentiating basalt magma
like that which fed the basalt cinder cones and flows,
why is there no basalt and little andesite interlayered
with the dacite flows of Glacier Peak and Gamma
Ridge, and why did the basalt issue from entirely sepa-
rate vents? Conversely, if the basalt is the mafic resi-
duum drained from the chamber at the end of the
Glacier Peak dacitic eruptions, why do not the basaltic
rocks contain many clots of crystal accumulates? As is
true at other Cascade volcanic centers (for example,
Wiliams, 1935, p. 301; Macdonald and Katsura, 1965,
p- 480), both basaltic and the dacitic magmas appear
to have been present at the same time and to have had
separate plumbing systems. Perhaps they had separate

ultimate sources; the basaltic magma near Glacier Peak
rose along a hypothetical deep-seated northeast-trend-
ing fracture zone defined by basaltic eruptive rocks and
dikes (fig. 52), while the more silicic magmas of the
volcano and Gamma Ridge came from another shallower
source.

The similarity between the chemical composition of
most of the Glacier Peak flows and that of the Cloudy
Pass batholith suggests that these rocks are comag-
matic (tables 3 and 4, fig. 56 ; Hopson and othors, 1966),
but the similarity is not unique; most other “hyper-
sthene andesites” of the western Cordillera and nearby
granodiorite plutons are also similar. The similarity
in bulk chemical composition could reflect a common
magma for all these rocks, not just a common magma
for a single pluton and a nearby volcano. Or, more
likely, it may indicate that all were derived from mag-
mas formed through similar processes from diverse
materials, for example, through crystallization differen-
tiation or anatexis. If the kinship of a volcano and a
batholith cannot be demonstrated by field evidence or
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F1eure 55.—Differentiation index diagram. Named points in silica field are average extrusive rocks from Nockolds (1954). Note
that the younger Glacier Peak eruptives follow a trend to a higher index. The contours show the abundanves of
5,000 igneous rocks plotted from Washington’s tables, from Thornton and Tuttle (1960, p. 674).

by comparing their bulk chemical compositions, it may | of most oceanic basalts (C. E. Hedge, written commun.,
perhaps be determined by comparing isotopic composi- | 1967). No strontium-isotope data are available for the
tions. Cloudy Pass batholith, but such data on the post-
The strontium isotopes in volcanic rocks marginal | Jurassic granitic rocks of southern British Columbia
to the Pacific Ocean are like those in oceanic basalt | indicate that the magma forming these granitic rocks
magmas, which presumably have been derived by | was derived from the deep crust or the mantle and that
anatexis of the mantle (Hedge, 1966). Indeed, the | this magma, during its rise, assimilated geosyn-linal
strontium-87: strontium—86 content of Glacier Peak | material and became slightly enriched in strontium-87
dacite (one sample of a valleyside clinging flow from | (Fairbairn and others, 1964).
Glacier Ridge; 8Sr®7: Sr®® =—4.1) is the same as that The lead isotopes of several Cascade volcanoes and
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F1cure 56.—Ternary diagram of normative compositions of Cenozoic igneous rocks of the Glacier Peak area.

nearby plutons, for example, Mount Rainier volcano
and the Tatoosh pluton, are similar and may indicate
that the volcanoes and the batholiths are comagmatic
(Davis and others, 1966). However, Glacier Peak vol-
cano and the Cloudy Pass batholith appear to contain
distinctly different lead isotopes (G. R. Tilton, written
commun., 1967; table 6). The explanation for this dif-
ference, when understood, may have general petro-
genetic significance.

DEVELOPMENT OF THE GLACIER PEAK SCENE
POSITION OF THE CASCADE CREST

The physiographic history of the Glacier Peak area
is depicted in figure 57. The North Cascades were cer-
tainly high prior to Gamma Ridge time, because the
Columbia River, which was forced against the Cascade
foothills by floods of late Miocene to early Pliocene
plateau basalt, had to flow far to the south before it
could again turn westward to the sea (Mackin and

TABLE 6.—Preliminary isotopic composition of lead f-om rocks cf
Glacier Peak volcano and Cloudy Pass batholith

[From G. R. Tilton, written commun., 1967. Standard error of ratios: Pb2%/Ph204, 0.3
percent; Pb#¢/Pb207, 0.15 percent; Pbie/Pb28, 0.2 percent. Uncorrec*ad for decay of
uranium in sample since crystallization]

Pb2t Pbat Pbs Pha?  Pphan
Pb2# Pb2? Pb2s Pb2 Ph
Granodiorite of Cloudy Pass batholith

CR 21 1.2237 0.4933 15,55  38.57
1.2247 .4911 15.58  38.86
1.2189 .4915 1A.61 38.70
P _______________________________________ 18,915 1.2002 0.4886 15.64 38.71
RWT-26b-62. . oo 18.882 1.2060 .4876 15.66 38.72

CR-21, Cloudy Pass, Holden quadrangle
CR-20, altltud}s; 5200 feet on Railroad l(l?greek trail, north of Crown Point Falls, Holden

uadrangle.
RWT—2?§—%2 altitude, 5700 feet, 2.1 miles west of summit of Glacier Peak, Glacier
Peak quadrang
GP-1, Summit of Glacier Peak, Glacier Peak quadra

ngle.
RWT- 26b-62, altitude, 6300 feet on east side of cirque at head of the east Fork Milk
Creek.

Cary, 1965). Today the Cascade Crest trends nearly
due north for 80 miles and swings eastward only in the
Glacier Peak area (fig. 60). This eastward loop at first
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glance appears to be the result of a divide migration
caused by the growth of the Glacier Peak-Gamma
Ridge eruptive piles. However, there is no evidence that
the headwaters of the east-flowing streams have been
captured or that their profiles are truncated at head-
waters; barbed tributaries are absent on west-flowing
streams like Triad and Small Creeks (see pl. 1 and
Cater and Crowder, 1967). Although the Suiattle
River was pushed eastward by the growing Gamma
Ridge eruptive pile (see below), the eastward loop
of the crest appears to have already existed before
Gamma Ridge time. The eastward migration of the
crest from a straight northerly course across an eastern
upland may have been caused by doming over the
Cloudy Pass batholith in early Miocene time.

THE GAMMA RIDGE ERUPTIONS AND RESULTANT
DRAINAGE CHANGES

Gamma Ridge rocks were erupted west of the Cas-
cade Crest onto a mountainous terrain (fig. 574), as
shown by the high relief preserved under them. Total
buried relief is nearly 4,000 feet, but part of this could
be due to post-Gamma Ridge deformation, or concur-
rent valley cutting and eruption. At Cool Glacier, the
local relief under the Gamma Ridge volcanic rocks is
600 feet within half a mile, and in places north of
Gamma Creek the local relief is 300 and 500 feet. It is
unlikely that post-Gamma Ridge deformation would
affect estimates of relief that are based on points so
close together; thus, we assume that the buried terrain
had a local relief of at least 600 feet and that many
local slopes were as steep as those of the mountains
today. The pre-Gamma Ridge landscape was dominated
by morthwest-trending valleys and ridges parallel to the
grain of the bedrock, a trend well established in the
Washington Cascades as early as the Oligocene (Mac-
kin and Cary, 1965, p. 12-13).

We have not been able to reconstruct the details of
the topography onto which the Gamma Ridge volcanic
rocks poured nor to determine their overall extent and
continuity. However, the original overall extent of the
volcanic field in the Glacier Peak quadrangle might
have been as much as 40 square miles (pl. 1), as sug-
gested by the distribution of intrusive breccias that
may be the feeders (for example, as on Grassy Point
and near the Cool stock) and by the distribution of the
five erosional remnants of the field itself.

The conspicuous loop of the Suiattle River around
the apron of extrusive rocks of Glacier Peak and
Gamma Ridge is manifestly due to stream diversion
around the eruptive center (fig. 57B). Below the
mouth of Milk Creek, the Suiattle River flows in a

northwesterly course parallel to the crest of Lime
Ridge and the trend of bedrock structures, as do most
master streams. Above Milk Creek, the river begins the
loop where it abruptly enters a gorge north of Grassy
Point (pl. 1). The oldest Glacier Peak lavas (for ex-
ample, those capping Vista Ridge and Gamma Ridge)
extend radially from the summit region of Glacier
Peak northeastward nearly to the present course of
the Suiattle River, which indicates that the river was
near its present position at the beginning of Glacier
Peak time. Thus, the major diversion of the Suiattle
River must be due almost entirely to the eruption of
the Gamma Ridge rocks.

Gamma Ridge rocks occur on basement rocks along
the Suiattle River at Lyman Camp (and not far above
it on Gamma Creek) and nearly 4,000 feet above the
river at the Cool Glacier and in upper Milk Creek.
This altitude difference may be attributed to down-
cutting by the river as it. was diverted eastward around
the growing Gamma Ridge pile. The earliest Glacier
Peak flows apparently ponded in valleys tributery to
the river’s present position, for they now hang high
above it (1,200 feet above on Vista Ridge). These
tributary valleys formed at this higher level because
the Suiattle River was overwhelmed by Gamma Ridge
volcanic eruptions and the Suiattle River valley was
partly filled with volcanic rocks. After Glacier Peak
lavas flowed into tributaries, the fill was removed and
the oldest Glacier Peak lavas were left hanging.

An alternate hypothesis, more compatible with the
supposition that Gamma Ridge rocks are much older
Miocene extrusives from the Cloudy Pass chamber
(fig. 26), is that the Gamma Ridge rocks occur at their
present low level and are preserved because they were
downwarped or downfaulted relative to older rocks
on the high ridges to the east and west. As the details
of the structure of Gamma Ridge rocks are unknown,
except for a few steep dips observed locally, there is
little direct evidence for folding or depression. How-
ever, folding along northwest-trending axes has been
a dominant and continuous process in western "Vash-
ington since early Tertiary time (Mackin and Cary,
1965), and post-Miocene folding along these trends
has occurred to the southeast, on strike with the rocks
of the upper Suiattle River area (Waters, 1972, p.
623). Furthermore, the easternmost of the many faults
that border the Chiwaukum graben in the Folden
quadrangle (Cater and Crowder, 1967; fig. 60) project
through the westernmost edge of the Gamma Ridge
pile. There are no faults recognized here, and thore is
no direct evidence of movement as late as late Miocene
or Pliocene along mapped faults.
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A, The late Miocene or Pliocene mountainous terrain of early Gamma Ridge time is dominated by
northwest-trending ancestral Lime Ridge. The Cascade Crest loops eastward over an old highland
above the Cloudy Pass batholith. Gamma Ridge eruptions are just beginning in the ancestral
Suiattie River valley.

B, Gamma Ridge volcanic rocks have flooded the ancestral Suiattle River valley. The river has been
forced north and east by a series of diversions'(arrow).

C, Erosion has removed much of the Gamma Ridge pile; gneiss and schist have been exhumed.
Glacier Peak time is approaching.

Ficure 57.—Historical development of the Glacier Peak scene.
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